Seven high resolution, high-purity planar germanium and two lithium-drifted germanium detectors have been exposed to fluences of monoenergetic fast neutrons of 1.4, 5.5 and 16.4 MeV to study radiation damage ef-
Introduction
Several studies of the radiation damage effects of fast neutrons on germanium spectrometers have developed a great deal of empirical informat ¶on ,2,3,4. Both Ge(Li) and high-purity germanium detectors have been studied; observable degradation of spectrometer performance is generally similar, but no direct comparison has been made prior to this report.
The individual and specific observable damage result in a given detector is not particularly different in this study from those previously reported. Tailing and resolution degradation occurs due primarily to hole trapping and the detector performance can be recovered by a certain temperature anneal. This study was undertaken to address several outstanding questions: (1) What is the best estimate of the neutron fluence for "threshold" of damage in high quality gamma-ray spectrometers? Units to be studies should possess a full width at half maximum energy resolution of the 1332 keV 60Co Y-ray of < 2 keV and be at least 1 cm in thickness in a planar geometry.
(2) What is the variability or range of this threshold in spectrometers made from different crystals of high purity germanium. Three detectors made from General Electric Co. material and four detectors made from LBL material were used. In addition, two Ge(Li) detectors made from LBL material were exposed.
(3) What can we learn about relatively low temperature annealing of damage even to the extent of allowing in situ anneals of spectrometers. (1000 C would be a practical value to aim for.)
Unfortunately, little physical interpretation of the electronic effects can be given in terms of microscopic detail due to the limited knowledge of the dynamics of collision produced vacancies and their coagulation and recombination. The details of the vacancy production mechanisms are to be found in the literature of charged particle interactions5 and are generally better understood. Fast neutrons (E = 5 MeV, for example) produce germanium atom recoils primarily by elastic scattering wherein the recoil atom rec6ives at most 4/73 of the neutron energy which results in a 280 keV Ge ion recoil and a vacancy. Other reactions such as (n,ax) and (n,T) account for relatively little energy loss1,6. The Ge ion suffers both ionizing and * This work was performed under the auspices of the U. S. Atomic Energy Commission. direct nuclear (vacancy producing) collision in slowing down with ,. 2004. The ratio between the fractional energy loss in ionizing and nuclear collisions has been computed by Lindhard7 and it is shown that the fraction of energy loss to nuclear collisions increases as the ion slows down until it dominates the energy loss process below <. 200 keV8. More Lower numbers in boxes are measurements made after the number of hours indicated in the parenthesis. All detectors were run at biases which assured full depletion or some over voltage. In some cases the detector was able to take more bias as irradiation proceeded and that increase improved resolutions; that result is also-indicated in the lower part of the box.
All detectors except GE1 were nominally 10 mm thick. GE1 was 6 mm thick and might therefore be expected to be apparently somewhat more radiation resistant due to the shorter carrier transit.
Radiation damage "threshold" may be defined opera-tionally to embrace both the fast neutron fluence for which the detector y-ray energy resolution is noticeably worsened and that value for which the energy resolution is so worsened to strongly suggest replacement.
These considerations imply an energy resolution degradation to about 3 keV (FWHM) for a typical gamma-ray spectrometer. There are other applications, specifically in the use as charged particle detectors, in which replacement would not be required at this tesolution, but for sake of a number, we will use 3 keV.
Several initial conclusions may be drawn from the data of Fig. 1: (1) First of all: a range of thresholds from 109 n/cm2 to 1010 n/cm2 is evident for the exposures at 5.5 MeV. Considerable difference is observed between and among the high-purity and Li-drifted units. -it is apparent that there exists one or more material parameters which can characterize radiation damage sensitivity. This parameter (s) is not yet determined. Although this threshold is somewhat less than that reported years agol we caution again that these are both high resolution and thick (10 mm 
AnnealinS
When a high-purity germanium spectrometer has been radiation damaged to the point it no longer is deemed useful, one is faced with the question -can the detector be easily repaired? Although little basic physical knowledge of the recavery processes is clearly understood, we can answer the practical question affirmatively. To illustrate the general annealing behavior, data on several detectors will be presented. Their histoty is fairly typical although differences between individual detectors do exist.
The spectrometer performance of detector 214-6.0 as a function of annealing treatment is outlined in Fig.  9 (a) and 9(b) Fig. 10 , depletion was reached around lOOV; the bend in the C-V relationship probably arises because this material had a p-type periphery.
The application of only 350V on this 1 cm thick detector resulted in excellent spectrometer performance; a nearly perfectly symmetrical 1.8 keV(FWHM) peak from the 1332 keV 60Co line. All spectra presented in Figs. 9(a) and 9(b) were obtained at lOOOV.
Stage 2. After being irradiated by a fluence of 101 n/cm2 1.4 MeV neutrons, the detector had remained at its normal operating temperature, a few degrees above LN2, for 7 days before these measurements were made. This detector appears to improve slightly during LN2 anneal. However, this is not a characteristic of all neutron irradiated detectors. As noted in Fig.l While stored at room temperature following sufficient 100°C annealing to largely resotre spectrometer performance, the acceptor concentration decreased in all the detectors.
From these data one can conclude that in situ annealing of high-purity germanium spectrometers is possible. Although complete recovery may not be obtainable with 100 C annealing the spectrometer performance should be acceptable for nearly all applications. As an illustration of what can be done in the field the following case history is presentedll.
During the testing of a high-purity germanium detector system at the Los Alamos Meson Physics Facility (LAMPF) it was exposed to a total neutron dose of about 1 x 109 n/cm2 (this number was not well determined).
This system, which was fabricated at LBL as part of a collaborative 'project with the Carnegie-Mellon group for use at LAMPF with charged particles and consisted of two 1.5cm thick detectors. The neutron irradiation degraded the Y-ray resolution of both detectors from about 2.2 keV to 16 keV at 1332 keV. The system was first connected to a high vacuum pumping station; the cold finger was then removed from the LN2 dewar and placed in a flask of water that was heated gradually to boiling (910 C at Los Alamos). After a number of hours the procedure was reversed and the detector resolution and capacity as a function of voltage were measured. During the first cycle the detectors were warmed to only room temperature for 60 h and then tested. The detectors were then recycled to 910C for 60 h, tested, and then cycled again until they had been at 91 C for a total of 300 h. As can be seen in Fig. 11 , the resolution was dramatically degraded after the room temperature cycle, but successive treatments gradually restored the resolution to 4 keV after 300 h at 910C.
Due to the limited resolution of present beams at LAMPF there was no need to fully anneal this systemin fact when the detectors had only 16 keV resolution (prior to any annealing) no effects of radiation damage could be discerned when measuring the high energy charged particles. However, the system was eventually returned to LBL for evaluation and full restoration. After annealing at 150°C for 66 h, both detectors exhibited spectrometer performances and C(V) relationships identical to those obtained originally.
Conclusions
(1) Significant energy resolution degradation in germanium gamma-ray spectrometers, both lithiumdrifted and high purity, occurs after irradiation by between 109 and 1010 n/cm2 of 5 MeV neutrons (2) The main finding of this study is that there exists a wide range of damage sensitivities (factor of ten) among high quality germanium spectrometers. It is of great interest and importance tq ellucidate the parameter(s) which is/are responsible. Dislocation density and distribution is an obvious initial and plausible choice. The two detectors which degraded at a distinctly low fluence, 284-1.2 and 287-1.1 had somewhat lower dislocation densities as expressed through etch pit density. Both are from the "head" of each crystal at which position full dislocation patterns may not have fully developed. In fact, a central area of 287-1.1 (as observed on an adjacent slice) was found to be dislocation free, and a dislocation free ring was present in 284-1.2. In contrast, 214-6.0 being further from the head of the ingot and the GE materials are known to have higher EPD. Lithium-drifted detector 40B was fabricated from material with somewhat higher EPD than 43C and does indeed show a slightly greater damage resistance. It is plausible that dislocations represent neutral nucleation sites for neutron-produced vacancies which compete with clustering for the ultimate situation of the vacancies which retain some mobility at LN2 temperature12. Dislocation-free material is known to produce of inferior resolution due to several trapping effects13. Specific tests of this hypothesis should be made by comparing detectors from material at the extremes of dislocation densities and distributions.
A detector from ingot 284 but much further down in the ingot with a fully developed dislocation pattern will be irradiated.
(3) Changes in the energy resolution take place after irradiation while the detector is held at 770K. This is not inconsistant with the fact that some vacancy mobility exists at this temperature. Several but not all detectors improved slightly after periods of hours to days following irradiation. Finite but necessarily greatly reduced vacancy mobility might promote recombination during this annealing period, as opposed to aglomeration into trapping clusters. The annealing at LN2 must therefore cause the spectral degradation resulting from irradiation to exhibit a dependence on neutron dose-rate as well as fluence. Although in most situations, this will not be an important factor, the possibility should be recognized.
(4) Very complete collapse of the energy resolution occurs when anneals at only 2000K, dry ice temperature, are carried out. The acceptor concentration is greatly increased after the dry ice anneal and decreases with further higher temperature anneals. Energy resolution improves somewhat in going from the dry ice anneal to the room temperature anneal.
It is difficult to describe the specific details and dynamics of vacancy clustering and aglomeration in between these two temperatures. However, from a practical viewpoint, it is obvious to instruct that if a germanium spectrometer has been even possibly exposed to fast neutrons, it would be imprudent to recycle the unit to higher temperatures.
(5) A very large portion of recovery is possible from anneals at only 100CC for periods of hours and, further, complete recovery can be achieved at somewhat elevated temperatures, up to 1500C. No solid evidence was found for improved spectrometer performance following damage recovery (compared to initial performance) which may be due in part to the fact that the spectrometers were of high initial performance.
(6) As noted in previous studies, hole trapping predominates as the degrading effect on energy resolution. It should be mentioned here that the potential use of high purity coaxial detectors offers the possibility of minimizing hole trapping in charge collection if the device is configured with the p+ contact (Pd) on the coaxial periphery. Thus, the holes make only a short traversal from the outer portions of the detector (where most interactions occur) to the contact of collection. To establish high fields at the periphery one would want to use n-type germanium.
(7) An effect of deep levels increasing the bulk resistance of any undepleted material was observed by means of the pulser introduced through the detector. As this resistivity increases, the undepleted region capacity must be included and the apparent capacity approaches the geometric value constrained to be the series combination of Cu and Cd. (8) An experiment which in the authors' opinion has little prospect of exciting result, should probably be performed for completeness in this area. A detector should be irradiated and annealed to the original performance through several cycles. This situation may arise in practice and it could be that some damage "hardening" may be achieved over several cycles. If this effect occurs it should be studied in a controlled situation.
EMiS gES4<IVEL ir7c9v us- Channel Number Fig. 11 The shape of the 1332 keV 60Co peak from one 1.5 cm thick germanium detector before, during and after treatment for radiation damage at LAMPF,.
(I)
0 10,000
